The late-third-instar labial disc is comprised of two disc-proper cell layers, one representing mainly the ventral half of the anterior compartment (L-layer) and the other, the dorsal half of the anterior compartment and most, if not all, of the posterior compartment (M-layer). In the L-layer, Distal-less represses homothorax whereas no Distal-less-dependent homothorax repression occurs in the M-layer where Distal-less is coexpressed with homothorax. In wild-type labial discs, clawless, one of the two homeobox genes expressed in distal cells receiving maximum (Decapentaplegic + Wingless) signaling activity in leg and antennal discs, is specifically repressed by proboscipedia. A fate map, inferred from data on basic patterning gene expression in larval and pupal stages and mutant phenotypes, indicates the inner surface of the labial palpus, which includes the pseudotracheal region, to be a derivative of the distal portion of the M-layer expressing wingless, patched, Distal-less and homothorax. The outer surface of the labial palpus with more than 30 taste bristles derives from an L-layer area consisting of dorsal portions of the anterior and posterior compartments, each expressing Distal-less. Our analysis also indicates that, in adults and pupae, the anterior-posterior boundary, dividing roughly equally the outer surface of the distiproboscis, runs along the outer circumference of the inner surface of distiproboscis.
Introduction
Insect appendages diversify according to their position along the body axis; for instance, a pair of antennae on the antennal segment, mouth parts in the gnathal segments, three pairs of legs in thoracic segments and analia in the terminal segment. Despite these differences, insect appendages are considered to be basically homologous in structure and to derive from a common ancestor through modification of a basic patterning mechanism. This may be supported by the discovery of homeotic genes whose mutation causes a transformation of one appendage into another (reviewed by Emerald and Cohen, 2001; Angelini and Kaufman, 2005) .
The mechanism for appendage development has been extensively studied using Drosophila leg as a model system (for review, see Morata, 2001; Kojima, 2004) . Adult legs differentiate from leg discs, sac-like structures comprised of a monolayered cell population invaginated inside from the ectoderm during embryogenesis. The leg disc consists of anterior and posterior compartments, each derived from different cell lineages (Steiner, 1976) . engrailed (en) and hedgehog (hh) are expressed specifically in the posterior compartment and secreted Hh activates decapentaplegic (dpp) expression dorsally, wingless (wg) expression ventrally and patched (ptc) expression dorsally and ventrally in the anterior compartment cells along the anterior-posterior (A-P) boundary (Lee et al., 1992; Tabata et al., 1992; Tashiro et al., 1993; Basler and Struhl, 1994; Tabata and Kornberg, 1994) . ptc encodes the Hh receptor, while dpp and wg, respectively, TGF-b and Wnt family members.
The antagonistic action of Dpp and Wg provides the dorsoventral information (Struhl and Basler, 1993; Brook and Cohen, 1996; Jiang and Struhl, 1996; Penton and Hoffmann, 1996) , while their cooperative action determines the proximal-distal (P-D) information (Diaz-Benjumea et al., 1994; Lecuit and Cohen, 1997) . According to high, middle and low levels of (Dpp + Wg) signaling activity, Distal-less (Dll), dachshund (dac) and homothorax (hth) are expressed in the distal, middle and proximal regions, respectively (Abu-Shaar and Mann, 1998; Wu and Cohen, 1999) .
The proboscis, a highly specialized appendage for feeding and drinking, derives from a pair of labial discs (Bodenstein, 1950; Fristrom and Fristrom, 1993) . On the outer surface of the labial palpus, the distal portion of the proboscis (Ferris, 1950) , stereotypically arranged taste sensilla are formed and function to perceive various taste stimuli (Amrein and Thorne, 2005) . Situated on the inner surface of the palpus are six rows of pseudotracheae and taste pegs (Ferris, 1950; Falk et al., 1976) , all used to direct food into the pharynx. Clonal analysis has shown the A-P boundary to run lengthwise along the proboscis and divide in half the outer surface of the palpus (Struhl, 1977 (Struhl, , 1981 , although the A-P boundary on the inner surface has yet to be assigned owing to lack of appropriate genetic markers for this analysis.
The proboscis is transformed into other appendages through homeotic mutation. Complete loss of proboscipedia (pb) activity causes the proboscis to transform to a distal prothoracic leg (Kaufman, 1978) , while pb hypomorphs or pb and Sex combs reduced (Scr) double mutants possess the proboscis with antennal features (Kaufman, 1978; Percival-Smith et al., 1997) . pb and Scr have been shown to repress the expression of leg or antennal genes such as dac and spalt, and modify Dll expression in the labial disc. The proboscis may thus be a highly modified appendage lacking regulatory capacity in proper segment specification (Abzhanov et al., 2001) . Furthermore, selector function of hth and spineless in combination with these homeotic genes specify identity of the labial palpi and, might be partially transmitted through diffusible signaling molecules (Joulia et al., 2005 (Joulia et al., , 2006 . Specifically, the attenuation of dpp and wg expression by pb through Hh signaling may also be essential to labial disc development (Joulia et al., 2005) .
Unlike other discs, labial disc morphogenesis occurs mainly during pupal stages (Madhavan and Schneiderman, 1977; Kumar et al., 1979) , thus making difficult the recognition of any morphological traits of the proboscis in latethird-instar labial discs. This has hindered detailed clarification of numerous fundamental properties of labial disc development. Expression of basic patterning genes such as en, hh, dpp, wg, Dll and hth in the larval labial disc has been described (Abzhanov et al., 2001; Joulia et al., 2005) . However, we do not know about exact spatiotemporal expression patterns of these genes and correspondence between gene expression in developing tissues and adult proboscis structures.
The present study examines in detail spatiotemporal expression patterns of basic patterning genes as well as certain distal-region-specific genes during larval and pupal stages of labial disc development. Unlike leg and antennal discs, the labial disc possesses two disc-proper cell layers, one representing mainly the ventral half of the anterior compartment and the other, the dorsal half of the anterior compartment and most, if not all, of the posterior compartment. The fate map as deduced from basic patterning gene expression and mutant analysis, indicated the inner surface of the labial palpus, which includes the pseudotracheal region, to derive from a distal part of the anterior-ventral region. The outer surface of the labial palpus with taste sensilla appeared to derive from the larval-labial-disc area consisting of dorsal regions of both anterior and posterior compartments, each expressing Dll.
The present results make possible detailed analysis of proboscis development and provide a starting point for further investigation of the mechanism for appendage specification.
Results

Third-instar expression of dpp and en occurring primarily in cells belonging to the lateral disc layer completely devoid of wg expression
The proboscis forms from a pair of labial discs (Fig. 1A) . In late third instar, the labial disc, attached to the larval mouthpart via a stalk, has the shape of a partially flattened balloon and consists of two cell layers, lateral (L) and medial (M) layers (Figs. 1A and A 0 ). In contrast to other imaginal discs, late-third-instar labial discs may not possess a peripodial membrane (Joulia et al., 2005) . The L-layer is thinner than the M-layer and associated with an apical cleft, the lateral furrow (see Figs. 1A 0 and B). During early pupal stages, peripodial-membrane-like cells (large flat cells) become discernible in a region of the Llayer near the point of stalk-attachment or the proximal end of the larval disc (Abzhanov et al., 2001) . dpp, en and wg expression in the larval labial disc was first recognized by Joulia et al. (2005) . To clarify the relationship between unusual disc-layer structures and basic patterning gene expression, en, dpp and wg expression in the late-third-instar labial disc was re-investigated using lacZ enhancer trap lines and antibodies. wg expression could be detected only in M-layer cells , while dpp and en, mainly in L-layer cells (Figs. 1B, D and F) . Despite this apparently unusual expression of en, dpp and wg, a distal M-layer view of the gene expression ( Fig. 1F ) was similar to that in the leg/antennal flat discproper region, indicating the relative location of dpp, en and wg expression in the labial disc to be basically the same as that in leg and antennal discs. As with leg and antennal discs (Lee et al., 1992; Tabata et al., 1992; Tashiro et al., 1993) , hh was co-expressed in all en-expressing labial-disc cells (Joulia et al., 2005) and ptc expression was noted along the en/hh expression domain (see Figs. 4B, B 0 , E and E 0 ). Thus, labial-disc regions with and without en/hh expression, respectively, were considered posterior and anterior compartments and accordingly, the L-layer should be divided into anterior and posterior halves with the M-layer comprised mainly of the anterior compartment. en, dpp and wg expression were examined using anti-En antibody and lacZ trap lines. en, dpp-lacZ and wg-lacZ expressing cells are, respectively, colored in green, blue and magenta. Disc layers are indicated at the top right corner. Arrowhead, putative proximal end; Asterisk, putative distal end; Arrow, lateral furrow. (B and D) en and dpp expression in the wild-type disc. (C and E) en and wg expression in the wild-type disc. Note the absence of wg-lacZ signals in the L-layer. (F) A distal view of the Mlayer, in which en, dpp and wg expression meets at the distal end (asterisk). (G) A vertical section of the labial disc showing en and wg expression to occur in different layers. (H-K) hh-misexpressing clones were generated throughout the anterior compartment by the flip-out method and expansion of dpp-lacZ (H and J) and wg-lacZ (I and K) expression was examined. Note that the entire anterior compartment is largely occupied by either dpp-lacZ or wg-lacZ signals. (L) A summary of hh-dependent expansion of dpp/wg expression and dorsal-ventral assignment of the labial anterior compartment. Scale bar, 25 lm.
The labial-disc M-layer region where en, dpp and wg expression domains juxtapose (see the asterisks in Figs. 1D, E and F) is thus designated as the distal tip of the labial disc.
Differential localization of dorsal and ventral halves of the anterior compartment to M and L disc-layers
In the leg disc, ubiquitous expression of hh induces dpp dorsally and wg ventrally in all anterior compartment cells, making it possible to subdivide the anterior compartment into dorsal and ventral halves (Basler and Struhl, 1994) . Many hh-misexpressing flip-out clones were thus generated throughout the anterior compartment of the labial disc to determine dorsoventral (D-V) organization of the late-third-instar labial disc. The entire L-layer anteriorcompartment and the peripheral region of the M-layer anterior-compartment were found occupied by strong dpp-lacZ signals, while wg-lacZ expression was induced throughout the remaining M-layer anterior-compartment (Figs. 1H-K). The labial-disc L-layer may thus be concluded to be made up of posterior compartment and dorsal half of the anterior compartment, while the entire M-layer except for the peripheral region corresponds to the ventral half of the anterior compartment; the periphery region of the M-layer is composed of portions of the posterior and dorsal-anterior domains.
In the leg disc, dpp and wg expression is regulated in a mutually antagonistic way (Brook and Cohen, 1996; Jiang and Struhl, 1996; Penton and Hoffmann, 1996) . Thus, the expansion of dpp expression into the M-layer in the wg hypomorphic mutant and that of wg into the L-layer in the dpp hypomorphic mutant ( Supplementary Fig.S1 ) may indicate that dpp and wg expression in the labial disc is regulated in a mutually antagonistic way.
Layer-dependent hth repression by Dll
Dll is required for cell fate determination in the distalmost region of legs and antennae (Cohen and Jurgens, 1989) , with hth being essential for proximal fate determination (Wu and Cohen, 1999) . Dll expression was monitored using Dll-GAL4 and UAS-GFP (Dll>GFP) and hth expression, with anti-Hth antibody. As with leg and antennal discs, Dll and hth were expressed in distal and proximal regions of labial discs ( Fig. 2A) , this being consistent with previous findings (Abzhanov et al., 2001; Joulia et al., 2005) . Dll and hth expression in the labial disc was noted to differ significantly in L-and M-layers. The L-layer expression regions of Dll>GFP and Hth were seen to be adjacent to each other, with little overlapping ( Fig. 2A) . But the M-layer Dll > GFP expression largely overlapped with that of Hth (Fig. 2B ).
In the leg disc, proximal, intermediate and distal domains, respectively, are characterized by teashirt (tsh)/ hth, dac and Dll expression. Dll and dac mutually antagonize each other. Dac represses hth expression and Tsh represses dac. In the antenna, hth and Dll domains largely overlap and these genes and dac do not antagonize the expression of each other (Abu-Shaar and Mann, 1998; Cohen, 1999, 2000; Dong et al., 2000 Dong et al., , 2001 . In the wild-type labial disc, neither dac nor tsh is expressed (Abzhanov et al., 2001) . To determine whether Dll is capable of repressing hth in the labial disc, mosaic analysis was carried out and hth was found misexpressed in Dll-mutant clones situated within the Dll-positive but hth-negative domain (12/12 clones; Figs. 2C-E). No apparent hth de-repression could be detected in Dll-mutant M-layer clones situated within the region expressing both Dll and hth (data not shown). Dll is thus concluded to repress hth expression in the distal L-layer but to have little effect on hth expression in the M-layer.
pb-dependent repression of cll in wild-type labial disc
Expression patterns of A-P patterning genes such as dpp and wg and primary P-D patterning genes, Dll and hth, are largely conserved between the labial disc and leg or antennal discs (this work; Abzhanov et al., 2001; Joulia et al., 2005) . In addition, proboscis is transformed to produce distal tarsi or arista (leg or antennal distal structures, respectively) in pb mutants (Kaufman, 1978) . However, the wildtype proboscis possesses no morphological trait or segmentation along the P-D axis corresponding to the distal tarsi or arista. Thus, it may be important to examine whether the absence of structures corresponding to distal tarsi or arista in the proboscis is associated with change in expression of genes involved in distal segmentation or structure formation in leg and antennal discs.
In the future pretarsus and arista, distal-most segments of leg and antennal discs, aristaless (al) and clawless (cll/ C15), a pair of homeobox genes, are coexpressed and specify their fates (Campbell and Tomlinson, 1998; Campbell, 2005; Kojima et al., 2005) . In both discs, BarH1 and BarH2 (collectively hereafter called Bar) are expressed in the region immediately adjacent to the al/cll expression domain (Kojima et al., 2000) . al/cll-expressing cells receive maximum (Dpp + Wg) signaling activity. Thus, examination was made to find whether al, cll and Bar are expressed in the distal region of wild-type, pb-mutant labial discs or pb-misexpressing leg discs.
In wild-type, a very large Al signal, split into two halves by the A-P boundary, was detected in the L-layer (Fig. 3A) . Considerably strong Al expression was also noted present in a small distal-end area in the M-layer, where Bar was expressed more broadly (Figs. 3B-D), suggesting that, as with leg discs, al is expressed in distal-most labial cells receiving maximum levels of (Dpp + Wg) signals. In contrast to Al signals, any Cll signals could not be detected (Figs. 3E and F) . pb is expressed in neither leg nor antennal discs. Figs. 3G-I shows that distal labial cells in the pb mutant coexpress cll and al. Furthermore, Bar was repressed in cells coexpressing cll and al as in the leg and antennal discs (Supplementary Fig.s2 ). By contrast, misexpression of pb in leg discs resulted in almost complete repression of cll in a cell-autonomous manner (Figs. 3J-L). These results may indicate that pb represses cll expression in the labial disc and the coexpression of al and Bar in the distal tip cells is due to this pb-dependent cll repression.
It may thus follow that the distal labial cells have the potentiality to operate the regulatory mechanism for the distal-region specific homeobox genes, operating in leg and antennal discs (Campbell, 2005; Kojima et al., 2005) and that cll expression is specifically repressed by pb.
2.5. Conserved expression of basic patterning genes during larval and pupal development of labial disc and identification of putative pseudotracheal and taste-bristle progenitor regions in late third instar labial disc
The labial disc undergoes significant change in shape via eversion, fusion, rotation and other cellular processes during larval and pupal stages to take on virtually the same gross morphology as in adult proboscis at 24 h after puparium formation (APF) (Fig. 1A , Fristrom and Fristrom, 1993; Ray et al., 1993) . Using enhancer-trap lines and antibodies, change in the expression of en, ptc, wg, dpp, Dll and hth was sought during the period from late third instar to 24 h APF (Fig. 4) . The posterior domain of the 24 h-APF disc was marked by en-lacZ (Hama et al., 1990 ) so as to avoid any anterior en-invasion effect in late pupal stages (see below).
As summarized in Fig. 4T , out of 64 (=2 6 ) possible combinations of gene expression, only about 10 were found to be usable and to be shared in common with labial discs obtained and examined at three different times in the process of development. Ten expression domains, that is, (en + Dll), (en + Dll + hth), (en + hth), (dpp + ptc + Dll), (Dll), (Dll + hth), (wg + ptc + Dll + hth), (wg + ptc + hth), (wg + hth) and (hth) were commonly found in late third instar larval and 24 h-APF pupal discs. Close inspection indicated their relative locations to be largely conserved during larval and pupal development, making possible prediction of approximate adult fate of late-third-instar labialdisc cells based on simple gene-expression comparison.
The shape of the (wg + ptc + Dll + hth) expression region in section-vii (Figs. 4G 0 , J 0 , P 0 and S 0 ) may indicate that the labial disc region simultaneously expressing all these four genes at 24 h APF corresponds to nearly the entire pseudotracheal region consisting of pseudotrachea and interpseudotrachea, as was also confirmed by actin staining with Rhodamine-phalloidin and neuron staining with mAb22C10 (Figs. 5A and B) . Pseudotracheal structures and taste-peg sensilla in the interpseudotrachea were clearly identified in the region positive to wg, ptc, Dll and hth simultaneously. The distal end of each pseudotracheal furrow was found marked with an uncharacterized putative taste-peg sensillum (terminal (Ter) sensilum; see arrowheads in Fig. 5B ). The putative pseudotracheal region at 24 h APF is immediately adjacent to both en-expressing and dpp-expressing regions (Figs. 4D 0 and M). In the late-third-instar labial disc, the wg-expressing region simultaneously expressing Dll, ptc and hth (a region colored in red in Fig. 4T(part ii) ) has been shown immediately adjacent to the en-expressing posterior compartment and dpp expressing anterior-dorsal region. The (wg + ptc + Dll + hth) region or distal half of the anterior-ventral region of the late third instar labial disc, colored in red in Fig. 4T , should thus quite likely correspond to nearly the entire pseudotracheal region.
The pattern of gene expression in the region laterally enclosing the putative pseudotracheal region in section vii is very similar, if not identical, to the gene expression pattern in section vi (Fig. 4T(parts vi,vii) ). The lateral region is characterized by a sequence of gene expression domains, from rostral to caudal, (Dll), (ptc + Dll), (dpp + ptc + Dll) and (en + Dll). We consider that this region may correspond to the outer surface of the proboscis, since nearly 34 clusters of strong mAb22C10-positive neurons, presumably corresponding to prebristle clusters (PBC) for the dorsal bristles, were detected (Figs. 4P, S and 5C, D). ptc expression indicated about 30% of the clusters to be present in the posterior compartment; the remaining may be situated in the anterior-dorsal region (data not shown; see Fig. 5C ). In the late third instar labial disc, the putative pseudotracheal region is enclosed by a similar sequence of gene expression domains in the distal part of the anterior-dorsal region (Fig. 4T (part i) ), suggesting this distal region to correspond to the future outer surface of the proboscis.
In the adult distiproboscis, the inner surface is separated from the outer surface by a row of the border hair (Figs. 5E and F; Ferris, 1950; Falk et al., 1976 ) whose molecular marker is not available. Thus, the boundary between the inner and outer surfaces should run somewhere between Ter-sensilla and distal-most PBC (see the dotted line in Fig. 5D ). 
green). (F) An enlargement of the boxed region in (E). (G) Schematic representation of (F). Arrowhead, border hairs. The arrow associated with A/P indicates the A-P boundary. (H-J) Images of ptc>GFP (green), en-lacZ
Xho25 (red) or En (blue) expression in a 24 h-APF disc observed as optical sections at the levels of the pseudotracheal region (H and I; corresponding to the level vii in Fig. 4 ) and of the dorsal outer surface (J; corresponding to the level vi in Fig. 4) . Color combinations between red and blue, blue and green, and green and red, respectively, appear as magenta, light blue and yellow. Note that ptc>GFP and en-lacZ do not overlap each other (no yellow signal) to form a clear expression boundary (A-P boundary) but En signals considerably invade into the ptc>GFP region (blue (I) and light blue (J) signals beyond the magenta region). Scale bar, 25 lm.
A-P boundary in the proboscis and anterior invasion of en expression in pupal discs
At 24 h APF, the en-lacZ expression domain abuts with the ptc>GFP expression domain to form the A-P boundary (Fig. 5H) . Adult mosaic analysis indicated the outersurface A-P boundary to run somewhere between the lines extrapolated from the second and third pseudotracheal furrow lines (Struhl, 1981) . Double staining of the 24 h-APF labial disc with mAb22C10 and ptc>GFP demonstrated this to actually be the case in the pupal discs (Figs. 5C  and D) . Fig. 5D indicates that, in the pupal pseudotracheal region or inner surface, the posterior compartment is much smaller in area compared to the anterior compartment. The pupal A-P boundary was seen to turn abruptly near the outer and inner surface boundary and run along the outer circumference of the pseudotracheal region in the inner surface. To further confirm this notion, distribution of ptc>GFP signals (anterior-compartment marker) was examined in the proboscis inner surface of the ptc-GAL4-driven UAS-GFP pharate adult fly (Figs. 5E-G). Almost all distal cells of the inner surface were ptc>GFP-positive and consequently, appeared anterior-compartment cells. We found a very small inner-surface area negative to ptc-GFP near the pseudotrachea III and between the borderhair row and the distal end of the ptc>GFP expression region. This area may represent a part of the posterior compartment of the inner surface.
In labial discs stained for En and en-lacZ at 24 h APF, considerable En signals were seen to invade the ptc>GFP-marked area (Figs. 5I and J), suggesting the anterior invasion of the endogenous en expression at this stage. In contrast, hardly any anterior invasion of en-lacZ was apparent (Figs. 5H and I) . No En invasion was evident at late third instar (data not shown). Similar anterior En invasion has been reported in the wing (Blair, 1992) and leg discs (Inaki et al., 2002) at late developmental stages. It has been suggested that the difference between expression patterns of en-lacZ and endogenous en is due to a change in en regulation at later stages and a failure of en-lacZ in responding to this later regulation. This later en expression in wing and leg discs is thought to be unrelated to the determination of the A-P boundary. Likewise, as described above, anterior En invasion in the labial disc had no significant effect on A-P boundary determination in the adult proboscis, so that the anterior en may be involved in later fate modification of anterior labial-disc cells.
wg and dpp mutant phenotypes of adult proboscis
As shown above, we found that the region expressing Dll may correspond to the distiproboscis, while those expressing dpp and wg, respectively, appear to correspond to dorsal outer distiproboscis bearing taste bristles and ventral inner distiproboscis having pseudotracheae. To confirm these assignments more firmly, we examined the effects of loss of function or ectopic expression of these three genes.
Dll is required for normal development of the distal portion of proboscis (Cohen and Jurgens, 1989) . The present study showed nearly all and only distiproboscis structures to be eliminated in large Dll mutant clones (Figs. 6A and  B) . In leg development, high levels of dpp and wg signaling activity are needed for establishing dorsal and ventral identity at later stages as well as distal structural formation (Struhl and Basler, 1993; Diaz-Benjumea et al., 1994; Brook and Cohen, 1996; Jiang and Struhl, 1996; Penton and Hoffmann, 1996; Lecuit and Cohen, 1997; Galindo et al., 2002) . Search was thus made to detect any morphological change in wg and dpp hypomorphs such as wg lacZ/cx3 and dpp d12/d6
. Loss of high wg activity was found to bring about deletion of nearly all pseudotracheae (Fig. 6C) , structurally characteristic of the anterior-ventral part of the distiproboscis, without significant loss of taste bristles or significant change in mediproboscis morphology. In contrast, the absence of high dpp activity frequently gave rise to considerable loss of taste bristles though not of pseudotracheae or significant change in gross mediproboscis morphology (Figs. 6D and E). To further confirm the notion that dpp and wg activity, respectively, is required for establishing dorsal and ventral identity in the labial disc, attempt was made to detect morphological change due to the misexpression of dpp and wg. Ectopic expression of dpp using the blk-GAL4 gave rise to temperature-dependent defects in palpi. At 28°C, pseudotracheal regions were almost completely eliminated, with significantly increased putative dorsal bristles instead. Mediproboscis morphology appeared almost normal (Fig. 6H) . Ectopic expression of wg using blk-GAL4 often gave phenotypes opposite to those found in blk-GAL4-driven-dpp flies (Figs. 6F and G) . Ectopic pseudotrachea formation has also been described in flies with wg misexpression driven by pb-GAL4 (Joulia et al., 2005) .
All these findings appear consistent with our expression analysis and the notion that high dpp and wg activity, respectively, is essential for dorsal and ventral fate determination in distal labial disc cells.
Discussion
The present study examined the expression and functions of several basic patterning genes in labial discs at various developmental stages and presents a fate map of the late third instar labial disc. The construction of the fate map in the larval labial disc should serve to facilitate understanding not only normal development of proboscis but pb-dependent proboscis/leg and proboscis/antenna homeotic transformation processes as well.
Disc-layer dependent regulation of hth expression by Dll in labial discs
Labial Dll is unique in that it represses hth expression only in the L-layer (Fig. 2) and, consequently, Dll and hth expression domains in the L-layer are mutually antag-onistic while, in the M-layer, they can coexist (Fig. 2) . This layer-dependent asymmetry in Dll function may persist at least until 24 h APF, when pseudotracheal morphology becomes apparent (Fig. 5) . In very early stages, Dll and hth expression in the leg disc appears mutually antagonistic, while most Dll-expressing cells co-express hth in the antennal discs (Abu-Shaar and Mann, 1998; Wu and Cohen, 1999; Dong et al., 2001 ). Thus, Dll/hth expression in the labial disc M-and L-layers, respectively, might be similar to those of antennal and leg discs. In other words, the labial disc might possess characters of both antennal and leg discs.
pb function in the labial disc development
pb has been shown to direct labial disc development by specifically repressing leg and antennal genes, such as dac and spalt (Abzhanov et al., 2001 ) and by controlling a gross morphological organization through attenuation of dpp and wg expression by counteracting Hh signaling (Joulia et al., 2005 (Joulia et al., , 2006 . Our results indicate that pb is also involved in repression of cll, a distal-region-specific gene in leg and antennal discs (Fig. 3) . In contrast to cll, al and Bar, two other distal-most homeobox genes in leg and antenna, were expressed in the distal labial-disc region (Fig. 3) .
Our preliminary data suggests that distal al expression is dispensable for normal distiproboscis development. Thus, only some regulatory mechanisms for distal-region-specific gene expression appeared conserved in the labial disc while distal-gene function is suppressed by pb.
3.3. Fate map of distal portion of labial disc Fig. 7A presents a fate map of late third instar labial disc based on gene expression at larval and pupal stages and mutant adult phenotypes. Gross organization of 24 h-APF labial discs is basically identical to that of adult distiproboscis (Fig. 5) . In Fig. 7A , for simplicity, the 24 h-APF labial disc is drawn as a thick disc, where pseudotracheal (PT) and taste bristle (TB) regions, respectively, correspond to the bottom face and distal belt surrounding it.
Twenty-four-hours-APF PT is marked by the simultaneous expression of wg, Dll, ptc and hth, whereas the TB region is comprised of four regions with (en + Dll), (dpp + ptc + Dll), (ptc + Dll) or (Dll) expression. In the late third instar disc, the distal L-layer consists of (en + Dll), (dpp + ptc + Dll) and (Dll) subregions, while approximately 50% of the distal M-layer is simultaneously positive to wg, Dll, ptc and hth expression. Most combinations of patterning-gene expression are conserved during larval and pupal labial development (Fig. 4) . We, thus, consider that, in the late third instar, the Dll-positive L-layer region is the TB-region progenitor, with the M-layer (wg + Dll + ptc + hth) domain being the progenitor for the PT region. Consistent with the finding that the L-and M-layers of larval discs are assigned to the dorsal and ventral regions at least as far as the anterior compartment is concerned (Figs.  1H-K) , the PT and TB regions are localized ventrally and dorsally in 24 h-APF discs and adult proboscis (Fig. 7A) . The ventral fate of the larval labial disc is considered regulated by wg and consistent with this, high wg activity is required for PT formation in the adult. In contrast, the dorsal fate of the distal portion of the larval labial disc is apparently determined by high dpp expression, since nearly all TBs were eliminated from dpp hypomorphic mutants. Fig. 4T . The late-third-instar labial disc is comprised of two disc-proper layers, M-and L-layers. By 24 h APF, the Dll-expressing regions of M-and L-layers, respectively, become the inner surface or pseudotracheal region (PT) and outer surface or taste bristle region (TB). Thick solid line, A-P boundary (A/P). As in the case of the late-third-instar M-layer, which is largely comprised of the ventral region of the anterior compartment (AV), the posterior compartment in the 24-h-APF inner surface is very small in area and consequently, the A-P boundary runs along the outer circumference of the pseudotracheal region (PT). On the other hand, the A-P boundary divides both the L-layer of the larval disc and TB of the pupal disc into two large domains, the dorsal region of the anterior compartment (AD) and the posterior (P) compartments. Thick dotted line, D-V boundary (D/V) in the anterior compartment. We presume this boundary to serve as the one between the outer and inner surfaces in the anterior compartment of the 24 h-APF disc and hence, the most of the inner surface is considered to belong to the ventral region of the anterior compartment (AV). Thin dotted line, putative inner-outer surface boundary in the posterior domain; Asterisk, distal end. (B) Comparison of the A-P boundary in the pseudotracheal region deduced in Struhl (1981; left panel) and derived by this work (right panel). The dorsal surface bearing taste bristles are indicated around the pseudotracheal region. Since the A-P boundary in the pseudotracheal region in Struhl (1981) was a presumption based on the clonal analysis of the dorsal surface, it is drawn by a dotted line in the left panel.
Nearly all and only the PT and TB regions were eliminated from Dll mutants.
Our fate map shown in Fig. 7A indicates that, in the 24 h-APF pupal disc, the D-V boundary separates the outer surface from the inner surface. In the dorsal region, the A-P boundary is almost perpendicular to the D-V boundary but, in the ventral region, the former runs almost parallel to the D-V boundary. A similar situation is also the case in adult proboscis (Figs. 5E-G) . Thus, as with thirdinstar labial disc, the posterior compartment of the 24 h-APF disc and adult proboscis may possess little space for the ventral region. As shown in Fig. 7B , the adult-proboscis A-P boundary in the inner surface region, determined by our experiments, strikingly differs from that presumed by Struhl (1981) based on the mosaic analysis of the outer surface region.
The proboscis has been considered as a highly modified appendage lacking segmental organization along the P-D axis (Abzhanov et al., 2001 ). Our fate map gives an additional implication that the proboscis is an appendage evolved to effectively take in food by expanding the ventral region of the anterior compartment to develop pseudotracheal rows.
Experimental procedures
Fly stocks
Flies were maintained by a standard method at 25°C, unless otherwise noted. Following strains or alleles were used. Canton-S (wild-type), dpp d6 , dpp d12 , dpp d14 (hypomorph; Spencer et al., 1982) , Dll SA1 (amorph; Cohen and Jurgens, 1989) , wg 17en40 (wg-lacZ (hypomorph); Schmidt-Ott and Technau, 1992), wg cx3 (hypomorph; Baker, 1987) , wg cx4 (amorph; Baker, 1987) , wg IL114 (temperature sensitive allele; Gonzalez et al., 1991) , pb 5 (amorph; Kaufman, 1978) , pb 27 (amorph; Pultz et al., 1988) , UAS-hh (Suzuki and Saigo, 2000) , UAS-wg (Hays et al., 1997) , UAS-dpp (Ruberte et al., 1995) , UAS-pb (Aplin and Kaufman, 1997) , UAS-GFPnls 8 , UASGFPnls 14 , UAS-GFP(S65T)T2, blk-GAL4 (40C.6; Morimura et al., 1996) , Ay-GAL4 25 (Ito et al., 1997) , Dll-GAL4 (em212; Gorfinkiel et al., 1997) , hh-GAL4 (Tanimoto et al., 2000) , ptc-GAL4 (559.1; Hinz et al., 1994) , dpp-lacZ (dpp
10638
; Twombly et al., 1996) and en-lacZ (en
Xho25
; Hama et al., 1990) . Detailed information and that for other strains are available in Flybase (http://flybase.bio.indiana.edu/).
Fly genetics
The FLP/FRT system (Xu and Rubin, 1993 ) was used to generate mosaic clones. To investigate Dll function on hth expression in the labial disc, larvae of y w hsFLP/y w hsFLP; FRT42D ubiGFP/FRT42D Dll SA1 were heat shocked for 120 min at 37°C and examined for Hth expression 47 h later in late third instar. Dll loss-of-function clones on proboscises were induced by applying a 120-min heat-shock at 37°C during 48-72 h after egg laying (AEL) to larvae of the following genotypes: y w/y w hsFLP; FRT42D Dll SA1 /FRT42D piM45F M(2)53 1 . wg cx4 /wg IL114 flies were used to examine the effects of wg on dpp-lacZ expression. Wondering larvae were dissected 48 h after temperature shift from 16.5°C to 25°C. hh-misexpressing flip-out clones were generated by applying 37°C, 20 min heat-shock to early third instar larvae of the genotype y w/y w hsFLP; Ay-GAL4, UAS-GFP/UAS-hh, dpp-lacZ or y w/ y w hsFLP; Ay-GAL4, UAS-GFP/UAS-hh, wg-lacZ. pb-misexpressing flip-out clones were generated by applying 37°C, 20 min heat-shock to second instar larvae of the genotype y w/y w hsFLP; Ay-GAL4, UAS-GFP/UAS-pb.
Immunohistochemistry
Immunostaining was done essentially according to Sato et al. (1999) . Pupae were dissected at 4 h, 6 h and 24 h APF, and head parts with pupal cuticles were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 30 min at room temperature. Then, the cuticles and extra tissues were removed in PBS and the head tissues were fixed again for 30 min before 1st antibody reaction.
Primary antibodies and dilutions are: rabbit anti-Hth (1:600; Casares and Mann, 1998), mAb22C10 (1:100; Fujita et al., 1982) , mouse anti-En (MAb4D9; 1:2; Patel et al., 1989) , rabbit anti-lacZ (1:2000; Cappel, Durham, NC, USA), mouse anti-lacZ (1:100; Promega, Madison, USA), rabbit anti-BarH1 (1:20; Higashijima et al., 1992) , guinea pig anti-Al (1:1000; T. Tsuji., T.K. and K.S., unpublished data) and rabbit anti-Cll (1:300; Kojima et al., 2005) . For fluorescent labeling, Cy3-, Cy5-or FITC-conjugated secondary antibodies or biotinilated secondary antibody followed by streptavidin-Cy5 were used. Hoechst (2.0 · 10 À6 M; Molecular Probe, Eugene, USA) and Rhodamine-phalloidin (18 units/ml; Molecular Probe, Eugene, USA) were used to stain nuclei and F-actin, respectively. Samples were mounted in Vectashield (Vector Laboratories, Burlingame, USA) and observed using MRC1024 (Bio-Rad, Hercules, CA, USA) or FV1000 (Olympus, Tokyo, Japan) confocal microscope. 3D reconstruction of a series of serial optical sections was done using software equipped to FV1000 system.
Adult cuticle preparation
Adult or pharate adult were stored in 70% ethanol for one overnight at 4°C. Proboscises were dissected out in 70% ethanol and transferred to 1-propanol. After incubation for 10-20 min at room temperature, proboscises were mounted in Gary's magic mountant (Lawrence et al., 1986) . Samples were photographed using Axioskop (Zeiss) equipped with a digital camera VB-7000 (Keyence, Osaka, Japan). Images in Fig. 6 were processed using the depth composition function of the VB-7000 system to obtain a sharp image, in which all surface of a specimen is in focus.
